Introduction
Understanding the role of operating temperature of an SOFC stack during its operation is crucial to advance the SOFC technology to a level that will deliver an economically viable solution to the future energy era. Present-day stacks are experiencing a significant level of performance deterioration and hence, not satisfactorily meeting the required life expectancy of 40,000 operating hours whilst maintaining satisfactory performance (limiting degradation to less than 10% approx.). Among various factors, thermal cycling at high temperatures (usually in a range from 600 C to 900 C) and uneven temperature distribution are two dominant factors that aggravate the performance deterioration. Severe mechanical failures such as formation and propagation of cracks [1] and failures in gas sealing [2] are typical temperature driven failures at cell level. A study by Blum et al. [3] showed that the problems of uneven temperature distribution extend beyond the cell level into stack level causing failures at interconnect sealing as well. However, despite the aforementioned adverse effects of the operating temperature on an SOFC's performance, some of the meritorious characteristics of SOFCs such as fuel flexibility, high energy conversion efficiency, and liberation from the expensive platinum catalyst at anode are inherited from the high operating temperature. This intricate relationship of temperature with performance and degradation has necessitated the investigation of the role of temperature in performance and degradation to mitigate premature degradation of SOFC while preserving its meritorious characteristics. A comprehensive knowledge on the cell level and stack level (the whole planer area of a stack) temperature distribution of an operating SOFC is central to the success of such investigations.
Present efforts on understanding the temperature distribution over cells and stack are predominantly based on simulations, in which application of physical modelling [4e12] , as well as datadriven modelling, such as artificial neural networks (ANN) [13e16] , are prominent. Physical models rely on a variety of assumptions and simplifications of operating conditions, which may not realistically exist in an operating stack. Hence, experimental validations are essential to enhance the reliability of such simulations in predicting temperature distributions. In contrast, since data-driven models map input data onto output data without paying any insight into a cell's operation, they do not require a computational model of the cell operation. Thus, ANN models are free from simplifying assumptions that physical models rely on. However, the accuracy of an ANN model is governed by the accuracy of the training data set. Thus, it also requires an accurate experimental data set. Furthermore, in situ temperature sensing is the only possible way to investigate the detrimental evolutions of temperature profiles induced due to changes in the operating conditions such as current, flow rate, etc. [17] . Thus, experimental techniques for SOFC temperature sensing are essential.
Various experimental efforts to measure the temperature distribution within a stack are recorded in literature, though they are far more limited in number compared to simulations. Use of thermocouple thermometry, electrochemical impedance spectroscopy (EIS) [18] , and Infrared (IR) thermometry [19] are the available techniques, each with their own limitations. IR imaging is an excellent technique to reveal temperature distribution over a surface with greater spatial resolution. However, the lack of visibility into inner cells of a stack does not enable it to be used in multi-cell stacks without significant stack alterations. EIS, on the other hand, is not the best suited means to reveal local temperature variations with traceable locational information. The most viable and easily adaptable technique into commercial scale stacks is the use of thermocouple thermometry. In fact, the majority of previous attempts for temperature monitoring are based on thermocouple thermometry.
Razbani et al. [14, 20] embedded 5 K-type thermocouples (f 0.5 mm) into the middle of a 5-cell (110 mm Â 86 mm) short stack to measure temperatures from 4 corners and from the middle of a cell. Further, they state that researchers at Jülich GmbH were able to measure the temperature profile of a 5 kW SOFC stack by embedding 36 thermocouples into the stack. Guan et al. [21] and Bedogni et al. [22] have also used thermocouples to measure gas flow temperatures at the inlet and at the outlet of a stack. Although these approaches could yield successful results within their respective scopes, the inability to get temperature closer to reaction cites on a cell is a significant drawback. Nevertheless, all these research efforts have proven the suitability of thermocouple thermometry for SOFC temperature sensing. Therefore, the authors have devised to use cell-integrated thin-film thermocouples (TFTC) to get better exposure into cell level temperature distribution.
TFTC finds a number of applications in a broad application domain [23e32] . The high responsiveness, as high as 10 nS [33] , is an added advantage of TFTCs. Most of the investigated applications of TFTC require temperature measurements taken from only a single point, or a few points. However, SOFCs require temperature measurements with greater spatial resolution because, there can be a significant variation of temperature across a cell [34] . Since each sensing point of a thermocouple is formed by intersection of two thermoelements, measuring temperature from SOFC with greater spatial resolution requires deposition of a large number of thermoelements on the electrodes. This is likely to cover a large portion of the effective cell area, potentially causing adverse effects to cell performance. To circumvent this problem while preserving the merits of TFTC, the authors investigated the possibility of sharing thermoelements between junctions to make multi-junction thermocouples that reduce the number of thermoelements required in multi-point temperature sensing. This paper discusses the fabrication, testing, and results of these multi-junction thermocouples fabricated on SOFC electrodes.
Experimental
From among different high temperature thermocouple materials, the K-type materials (alumeleNi:Al:Mn:Si 95:2:2:1 by wt. and chromel e Ni:Cr 90:10 by wt.) were chosen for thermoelements. These materials have NIST 1 standardised performance up to 1372 C. The external lead wires, which connect thermoelements to the data logger, were chosen from the same material as the respective thermoelements. This was to prevent formation of an intermediate junction with a third material, which may induce an undesirable additional electromotive force. Sputter deposition (with Quorum QT150ES sputter coater) was used to fabricate thermoelements. Sputter deposition has already been successfully demonstrated for thin-film thermocouple fabrications [35] . Since the major constituent of alumel and chromel is Ni, Ni programme in the sputter coater was chosen for deposition. The preliminary research revealed that sputtering current of 150 mA and cycle time of 120 s generates the highest per-cycle film thickness. 16 cycles of sputter deposition was chosen to produce films with thickness greater than 140 nm.
The cathode was chosen as the substrate to deposit multijunction thermocouple array to avoid any potential detrimental interactions between fuel and thermoelement materials. Since anode is exposed to fuel while cathode is exposed only to air, cathode is chemically less harmful than the anode to thermoelements. Further, cathode has a greater porosity than an un-reduced anode. That helps to investigate the survival of the array on a porous substrate. The substrate was prepared by first cleaning with acetone and then with deionised water followed by drying in a furnace at 150 C for 10 min. This procedure expected to remove any dirt or grease on the substrate, which is likely to disturb film's adhesion to the substrate. A multi-junction thermocouple array having 4 sensing points was fabricated with 16 cycles of sputtering. 
. The pattern was obtained by using two masks hand-cut from transparent binding sheets. The alumel thermoelement was deposited prior to depositing the chromel thermoelements. Width of each thermoelement is approximately 1 mm. Labels A to E represent the connection pads (3 mm Â 3 mm), and S 1 to S 4 represent the 4 sensing points. The voltages measured across E-D, E-C, E-B, and E-A represent the temperatures at S 4 , S 3 , S 2 , and S 1 , respectively.
An alumel wire (f0.25 mm) was connected to pad E and 4 chromel wires (f0.25 mm each) were connected to pads A to D. Silver paste (from Sigma-Aldrich) was applied at each connection pad to ensure uninterrupted electrical connectivity between the wire and the film. In a case where the physical connection between a wire and a film is broken, the electrical connection was expected to be maintained through silver. Although silver acts as a foreign material at the junction when the wire and the film are not in physical contact, the effect of that to temperature measurements is negligible as there cannot be a significant temperature gradient across a very tiny amount of silver within the experimental setup. Silver paste was cured at 130 C for 40 min as per manufacturer's instructions [36] . High-pure alumina adhesive (EQ-CAA-2-LD, MTI Corporation, USA) was then applied over the connection pads to provide sufficient mechanical strength for the joint to ease handling. Since alumel and chromel form oxide layers at temperatures beyond 800 C [37] , the same alumina layer was continued over the films covering the entire length of thermoelements to prevent oxidation. Curing alumina at 250 C for 30 min yielded a very strong layer of alumina. The lead wires were passed through ceramic beads to prevent any short circuiting during handling. Resistances across the distal ends of wires were measured before the experiment commenced; the values are given in Table 1 .
The thermocouple array was placed in a box furnace while having fixed a commercial thermocouple within approximately 10 mm adjacency to the cell for dual purpose: firstly, it represents the present methods of SOFC temperature sensing by inserting thermocouples into gas channels; secondly, it is used for comparison purposes. Furnace was heated at a rate of 400 C/hour up to 1050 C. Once the set temperature was reached, the sensor array was rapidly cooled to introduce high level of disturbance to temperature profile. Temperatures from both thermocouple array and commercial thermocouple were recorded at 3 s intervals using NI-9213 thermocouple data logger and a specifically developed Lab-VIEW programme.
Dual-array thermocouple fabrication and testing
By combining two single-arrays, a dual-array was fabricated on the cathode of a 5 cm Â 5 cm commercial SOFC test cell (NextCell-5), as shown in Fig. 1(b) . The substrate was prepared following the same procedure as described in Section 2. The same number of sputter depositions cycles and the same sputtering parameters were used as previously to ensure similarity in film thickness between the single-array and the dual-array. The pattern was obtained by using two stainless steel masks which were not bespoke preparations for this application; hence, the widths of the two sets of thermoelements are different. The widths of thermoelements A and B on the mask is 1 mm and that of C to F is 0.2 mm on the mask. However, due to lifting of the mask under the strong magnetic field inside the sputter chamber, deposited patterns were noticeably wider than the patterns on the mask.
Thermoelements A and B are made of chromel, and elements C to F are made of alumel. External wires (f0.25 mm) of the same thermoelement materials were connected as before by first using silver paste and then alumina adhesive. The entire length of thermoelements was covered with alumina adhesive as before for the same purpose. Resistances across the distal ends of the external wires were measured prior to the experiment and, the values are given in Table 2 .
The dual array was placed in a box furnace while having fixed a commercial thermocouple approximately 10 mm adjacent to the cathode in the middle of it. The commercial thermocouple was again employed for a reference measurement near the cell, and for comparative purposes of evaluating the new arrangement vis-a-vis the established method. Furnace was heated to approximately 975 C at a rate of 400 C/hour for 4 heating-cooling cycles. Temperatures from the dual-array as well as from the commercial thermocouple were recorded at 3 s intervals. Although the array had 8 sensing points (S1 to S8), temperatures from only the first 7 points were recorded due to a limitation in the data logging system.
Results & discussion
Film thickness influences the performance of thin-film Table 1 Resistance across external wires of single array.
External wire connection
Resistance (U) thermocouples [38e40] . However, the sensitivity of K-type thinfilm thermocouples is independent of the film thickness when it is more than 140 nm [41] . Since the fabricated thin-films were made thicker than 140 nm, the performance can be considered unaffected by the thickness. Performance is also independent of the film width when it is greater than approximately 3 mm [42] .
Therefore, the improper edge definition of fabricated films should have no effect on the performance. The difference in resistance of 4 sensing points of the singlearray (given in Table 1 ) is likely to be caused by the differences in the lengths of the associated thermoelements of those sensing points: the longer the thermoelement the higher the resistance. The same relationship between the length and the resistance can be seen with the dual-array as well (Table 2) , however, in more noticeable magnitudes. The added resistance by the extended lengths of thermoelements in the single-array should be much lower compared to the dual-array because, the width of the singlearray's thermoelements is as 5 times as higher than that of the dual-array's thermoelements. However, the exact causes of the resistance difference were not investigated as it did not appear to cause any effects on the performance. Nonetheless, aside from differences in the thermoelements' length, the substrate's (the cathode's) electrical characteristics and uneven film deposition are two plausible factors that may have introduced noticeable resistance differences. Fig. 2 shows temperatures measured from the 4 sensing points of the single-array (S1 to S4) and from the commercial thermocouple (TC). Heating was carried out in two ways to investigate the response of multi-junction thermocouple array to different heating patters. Firstly, controlled fluctuations were introduced up to approximately 450 C by controlling the duty-cycle. Then, steady heating was introduced. The two abrupt temperature interruptions around 680 C and 900 C were introduced by momentarily changing the heating power and by allowing cold air to get into the furnace chamber to investigate the nearly constant discrepancy between thermocouple's reading and the array's reading that was observed. Results show that the cell temperature measured by the single-array multi-junction thermocouple is in a very good agreement with the air temperature measured by commercial thermocouple. Further, the enlarged section of the graphs in Fig. 2 shows that the array was able to independently measure temperature from each of its sensing points via a shared common thermoelement. However, S2 demonstrated an anomalous and sudden rise in temperature beyond 1000 C in heating, then proceeded to conform back to the pattern shown by the other sensing points when cooling down, at nearly the same temperature that it had started diverging. The experimental setup did not provide such a localised high temperature on the cell. Therefore, it should be a result of a momentary failure that had occurred somewhere between the data logger and S2 sensing point along thermoelement B.
Resistances across the distal ends of the external wires were measured after the experiment and all of those showed open circuit status. However, the cathode remained conductive having only approximately 120 U/cm resistance between any two points on the surface. Two plausible speculations behind this complete electrical disconnection between external wires and the thin-films are: 1) failure of thin-films 2) failure at the connection point. However, the single-array does not provide sufficient insight into distinguishing the exact failure mode. Therefore, the dual-array was fabricated and tested with an aim of investigating the cause of the electrical disconnection. Fig. 3 shows the performance of the dual-array over 4 cycles. When NI 9213 data logger detects an open circuit in a channel, it forces the full-scale voltage across its terminals. Thus, the maximum measurable temperature of the data logger is recorded when such an open-channel is read. Therefore, the results reveal that the dual-array has lost its electrical connection to the data logger during cooling and re-gained the connection during later heating. The near-constant offset of the thermocouple array's reading with respect to the commercial thermocouple's reading during the steady heating region appeared almost alike with both the dual-array and single-array. This is an important characteristic of the results and the authors would initially like to consider two hypotheses to explain this behaviour:
1) Characteristic differences between thin-films and bulk materials
The sensor materials' Seebeck coefficients can be different between thin films and bulk material [43] . NI 9213 data logger is calibrated to work on commercial thermocouples, which uses bulk material properties. Therefore, there can be an intrinsic difference between the temperature measured from a commercial Fig. 2 . Performance of thermocouple array (Legends: TCeCommercial thermocouple S1eS4: four points from array).
thermocouple and that from thin-film thermocouples, whether it is multi-junction or conventional type.
2) The effect of thermal inertia Since the thermal inertia of SOFC test cells is higher than that of surrounding air, test cells heat up at a slower rate than the surrounding air. The temperature from commercial thermocouple is a measure of the air temperature while those from multi-junction thermocouple arrays are a measure of the cell's temperature. Therefore, the array's reading can lag behind the thermocouple's reading during heating. Fig. 4 shows the temperature recorded during the first heating, dwelling at upper temperature limit, and cooling of the dual-array. Although the thermocouple's reading is higher during heating up process, that difference vanishes as the constant temperature region is reached. Furthermore, during cooling, the thermocouple shows faster cooling than the array. This can be a result of thermal inertia difference between the air and the substrate. Similarly, the offset of the single-array's reading from the thermocouple's reading disappears during the two temperature interruptions as seen in Fig. 2 . Rapid response of the thermocouple in air, due to low thermal inertia of air, is likely to cause this disappearance of the offset. On the other hand, if the characteristic differences between thinfilms and the bulk material caused the offset as suggested in the first hypothesis, the offset should be, at least, nearly linear against temperature. However, the temperature difference in the singlearray, plotted against the thermocouple's temperature (Fig. 5) , which is considered to be reliable enough, is highly non-linear. Therefore, after carefully considering above observations and facts, explanation of the temperature offset leans more towards the second hypothesis, namely the effect of thermal inertia. Fig. 3 . Cyclic performance of dual array (TC: Commercial thermocouple, S1-S7: seven sensing points of dual array). Fig. 4 . First heating, dwelling, and cooling of dual-array. Fig. 6(a) shows a momentary diversion of S3 and S7 of the dualarray from normal heating pattern encountered during the first heating cycle. The enlarged view of the encircled section, shown in Fig. 6(b) , shows an almost paired behaviour of S3 and S7 during its diversion while showing an independent response prior to the incident. This signifies that the cause of failure was common to S3 and S7, even though their performance was independent from each other before the failure. Fig. 7(a) shows the failure of the dual-array during the first cooling cycle. S3 and S7, which showed momentary diversion during heating, were the first to start failing. An enlarged view of the encircled section in Fig. 7(a) is shown in Fig. 7(b) . This shows that S1/S5 and S2/S6 also failed in pairs. Furthermore, as the drift from true temperature increases, each pair converges onto a single line giving the same reading. This implies that as the cause of failure becomes more prominent, it affects the sensing points in each pair similarly.
Each pair of sensing points that failed together shared one thermoelement in common: S1/S5 pair shared thermoelement C, S2/S6 pair shared D, and S3/S7 pair shared thermoelement E (see Fig. 1(b) ). The cause of failure was an electrical disconnection between thermoelements and the data loggerethis is why the data logger has recorded its highest temperature at all failures. The connections at the data logger's terminals were very robust and they were very well maintained throughout, and even after, the experiment. Hence, the electrical disconnection has occurred either at the thin-film connection pads or on the thin-film thermoelements themselves. If thin-films failed, all failures must have occurred between a connection pad and the nearest sensing point of the corresponding pad for all thermoelements concerned. Only then does the failure become common to both sensing points on a given thermoelement and hence, the paired-like behaviour can be justified. However, there is no reason for that part of the thin-film to become significantly weaker than the rest in all 3 common thermoelements (C to E). Therefore, probability of random failure to occur within aforementioned region in all 3 thermoelements is very low. Thus, it can be speculated with high level of confidence that the failures occurred at the connection pads at C, D and E, where external wires connect to thin-film thermoelements. When a failure occurs at those connection pads, the corresponding two sensing points are affected alike. Thus, it can be well justified that the failure occurred at the connection pads. Since sensing points along thermoelement "A" or those along thermoelement "B" did not fail together, electrical connection along those two thermoelements must have been maintained well, at least, until the rest fails. Fig. 8(a) shows that the failure of dual-array occurs when the system cools below 650 C (approx.) and it recovered when the temperature rises above that level. Furthermore, Fig. 8(b) shows that when the sensor recovered during heating, each sensing point continued to measure temperature independently from each other. Therefore, the failures at the connection pads are temperaturedependant and reversible, at least during the tested cycles. Resistance measured across the distal ends of wires after the dual-array experiment also showed complete electrical disconnection between wires and thermoelements. This is now well known to be caused by the external wire connection failure.
Stability of the external wire connection mechanism is essential to the successful application of the proposed technology into SOFC temperature sensing. The silver-based connection mechanism was used in this study only for the purpose of investigating the feasibility of the multi-junction thermocouples. There can be a number of methods to connect external wires to thin-films where, parallel gap welding has already been successfully demonstrated in connecting external wires to thin-film thermocouples [44e46] . The authors are also investigating a mechanically loaded connection specifically focused and tailored for SOFC applications. The exact mechanism of external wire connection depends on the cell/stack geometry, space availability, as well as the required mechanical strength.
Two possible adverse effects of direct deposition of thermoelements on the cell are: (a) active cell surface masking and (b) damage to the cell or to the thermoelements themselves due to thermal stress mismatch between the cell and the thermoelements. Although one significant advantage of the proposed multi-junction thermocouple architecture over conventional thermocouples is reducing the active cell area masking, it is inventible for thermoelements to cover some part of the active cell area. However, as thermoelements can be made as narrow as approximately 3 mm [42] without affecting the temperature sensing performance, the area occupied by thermoelements is proportionally very small for most of the commercial scale SOFCs. Thus, the effect of masking is trivial in most cases. If thermal stress mismatch between the electrode and the thermoelements is found to be significant, the potential damage(s) needs to be investigated and overcome. Use of thermoelement materials, which have matching thermal expansion coefficients as the cathode, such as suitable conductive ceramics, is an option that may be adapted through further research.
Conclusions
The thin-film multi-junction thermocouple arrays, which were sputter deposited on cathodes of SOFC test cells, could measure cell's temperature within the entire operating temperature range of a typical SOFC (from 600 C to 900 C). Each sensing point could measure temperature independently from each other even when there was only a very minor temperature gradient present across junctions. Alumina-protected thin-film thermoelements could survive on the porous cathode during the entire operation. The commercial thermocouple in air, which represented the present methods of gas channel temperature measurements, responded differently to the array, particularly during temperature ramping. Therefore, the gas temperature measurements may not correctly represent a cell's temperature under temperature fluctuations. The cell integrated multi-junction thermocouple concept was proven to be successful in measuring the cell surface temperature of an SOFC with a reduced number of thermoelements.
The array could repeat measurements only beyond a certain threshold temperature (approximately 650 C). The failure to achieve full-range repeatability was traced down to a problem with the external wire connection pads. The temporary connections made with Silver paste appear to have introduced the problems in ensuring repeatability. A robust connection mechanism needs to be adapted prior to applying the proposed multi-junction thermocouple arrays into SOFC temperature measurements.
